individual's ability to pursue a career which requires good hearing acuity, as well as their personal security and relationships. Some individuals exposed to loud sound do not develop hearing loss. Alternately, Hsu et al (2013) found notches that were not associated with any type of noise exposure, and concluded that another factor was involved. This clinical heterogeneity may be explained if we can consider a 4000-6000 Hz notch to be a phenotype resulting from a genetic susceptibility, possibly interacting with acoustic overload, in some people. An important challenge in associating 4000-6000 Hz notches with specific genetic polymorphisms, as in other gene-environment interactions, lies in the precision with which the phenotype and potential endophenotypes can be defined (Schulze & McMahon, 2004 ).
Acoustic exposure causes many physiological changes in the inner ear, and acoustic overexposure has been shown to cause changes to the stereocilia bundle, outer hair cells, pillar cells, afferent synaptic junctions, and the stria vascularis in animals (Nordmann et al, 2000; Wang et al, 2006; Scheidt et al, 2010) . Changes triggered by acoustic overexposure can lead to temporary threshold shifts (TTS) in auditory sensitivity. Repeated exposures can cause a chronic increase in oxidative stress leading to the loss of outer hair cells (Henderson et al, 2006) , and a permanent threshold shift in the auditory region of 3000-6000 Hz. In early stages, this is distinct from high-frequency hearing loss, which includes a loss at 8000 Hz, and may, for instance, accompany physiologic changes seen in aging.
NIHL traditionally has been clinically defined as an audiometric 'notch' at frequencies between 3000-6000 Hz, that is, a hearing threshold that is at least 15 dB higher between 4000 and 6000 Hz than thresholds at lower frequencies, with a recovery of at least 5 dB at 8000 Hz, accompanied by a history of chronic or traumatic noise exposure ( Figure 1 ;Niskar et al, 2001 ; Flamme et al, 2014) . Consistent with a genetically predisposing condition requiring an environmental trigger, the incidence of audiometric notching in one or both ears steadily increases from 8.5% in children aged 6-11 years in the general NHANES (National Health and Nutrition Examination Survey) population (Niskar et al, 2001 ) to 17% for [16] [17] [18] [19] year-olds in the NHANES data (Henderson et al, 2011) . Twardella et al (2013) reported a prevalence of 2.4% in German 15-16 year-olds. In an adult population aged 20-69 years, Mahboubi et al (2013) found a prevalence of 12.8% with NIHL in one or both ears in the NHANES 1999-2004 population. In industrially exposed adult populations, reports range from 26 to 60% (Hong, 2005; Rachiotis, 2007) . Among children, 1.8% of younger children and 3% of older ones show notches in both ears (Niskar et al, 2001 ). Phillips et al (2010) reported that 11.5% of college-age classical music students had notches in both ears, while 35.5% had a notch in one ear and 53% showed no evidence of the 'notched' audiogram configuration that typifies NIHL. These data suggest that the extreme exposures found in industrial environments are not necessary to cause notches in susceptible individuals. Similarly, Wilson (2011) found that among 3430 veterans (ages 20-89), 15.4% had bilateral notches and 40.6% of participants had notches in one ear.
The analysis of audiometric profiles over a range of frequencies to describe phenotypic definitions may lead to the identification of underlying genotypes associated with a subset of cochlear genes ). Notched configurations are not included in their current Audiogene model (http://audiogene.eng.uiowa.edu/), nor in the European Union GENDEAF recommendations.
NIHL has been associated with several single nucleotide polymorphisms (SNPs) lying within genes encoding proteins involved in sound processing. These include a variety of metabolic enzymes and heat shock proteins tied to redox regulation (Yang et The studies revealing these NIHL associations have been conducted primarily on adult subjects exposed to substantial and chronically high levels of sound in industrial settings. In most cases, the study designs have compared SNP genotypes and haplotypes for the 10% of individuals with the greatest hearing loss compared to the 10% showing the least amount of hearing loss rather than using the standard notch at 3000-6000 Hz Studies with subjects exposed to chronic and high sound levels may not allow for the identification of differences in people carrying genetic variants that cause a susceptibility to NIHL at more modest sound exposure levels.
Other methods of grouping participants have led to the identification of genes encoding proteins tied to redox regulation. When participants were categorized as those with audiograms suggestive of NIHL (loss at 4000, 6000, and/or 8000 Hz), those with other forms of hearing loss, and those with no loss, associations of the NIHL group with glutathione S-transferase mu 1(GSTM1), glutathione S-transferase theta 1(GSTT1) and mitochondrial haplotype 1 were observed (Abreu-Silva et al, 2011). Examination of industrial workers, sorted by the amount of temporary threshold shift they exhibited after a day of work, revealed associations with GSTM1, GSTT1 and glutathione S-transferase pi (GSTP; Lin et al, 2010) . Factory workers grouped as those with NIHL (broadly defined as thresholds > 25 dB HL in low or high frequencies) and those without, resulted in an association with specific haplotypes of heat shock protein (HSP70; Yang et al, 2006) .
Although audiometric configuration is often helpful for the clinical diagnosis of NIHL, previous genetic association studies have not uniformly defined an audiometric phenotype and indeed, there is some uncertainty about the definition of a notch (Nondahl et al, 2009 ). Some studies have utilized case-control groups with broad definitions of NIHL, while others have focused on subjects whose hearing loss lies at the extreme of a continuum. This may have resulted in associations that are related to high frequency hearing loss rather than 4000-6000 Hz notches, particularly since the populations included older adults.
Examining young adults in a genetic association study facilitates identification of a potential notch phenotype by avoiding the complications caused by age-related hearing loss or loss brought upon by long-term exposure to sound or other risk factors; relatively early onset is often indicative of a genetic component for an adult condition or disorder (Hauser et al, 2003) . While young student musicians are exposed to measured intensity levels in practice and rehearsal rooms that exceed the National Institute of Occupational Safety and Health (NIOSH) recommendations for safe listening, their exposure does not typically extend through an entire workday (Phillips & Mace, 2008; Walter, 2009 ).
The question, therefore, is whether the clinical presentation of an audiometric notch can be viewed as a phenotype for genetic association studies. The current feasibility study examines the validity of the 4000-6000 Hz notch as a phenotype with utility for genetic association analysis in young adults. We selected single nucleotide polymorphisms of genes that are expressed in the ear and code proteins involved in processing sound.
Previous data from this population suggest that 4000-6000 Hz notches exist despite the lack of unusual exposures (Phillips et al, 2010) . For this feasibility study of potential genetic associations, college-age music students were tested for hearing acuity and grouped by notch status. Our previous study indicated that while almost half of young musicians show a notch in one ear, about 10-15% have a notch in both ears (Phillips et al, 2010) . Therefore, we hypothesized that while severe environmental exposure could often lead to a notch in one ear, individuals, and particularly young adults, showing a 4000-6000 Hz notch in both ears are likely to be genetically predisposed to such notching, and may show notches even if their exposure to sound was neither extreme nor long in duration.
Materials and Methods

Participants
All data collection procedures were approved by the University Institutional Review Boards at all collection sites. Participants (N = 640) for this study were students of classical or jazz music (18-25 years of age) at one of five universities in North Carolina. Recruitment occurred during the academic years of 2010-11 and 2011-12. All participants were majoring in music with daily exposure that included individual practice and ensemble practice. Participants were also asked to complete an online survey and their hearing acuity was measured. To investigate the hypothesis that individuals with bilateral notches are most likely to be genetically susceptible, we defined a case-control set within the larger cohort. All 84 participants of European extraction with bilateral notches were included in the case group. The two control groups included participants with unilateral notches and those with no notches, who were matched individually with case subjects for European extraction, gender, and instrument played. Subjects were asked to report exposures or risk factors and none were excluded from the study based on this information.
Assessment of hearing status
An otoscopic exam was performed with all participants. Audiometric thresholds were obtained at 1000, 2000, 3000, 4000, 6000, and 8000 Hz (Interacoustics AC-40), using the modified Hughson-Westlake procedure, after ensuring middle-ear health through tympanometry (Maico MI 24). Data on all campuses were collected following a scripted standard operating procedure. The phenotype was defined by the appearance of a notch at 4000 or 6000 Hz. We took into consideration that normal hearing for young, healthy adults is a range of − 10 to 15 dB HL. Our definition of a notch was a drop in hearing sensitivity of at least 15 dB from the self-referenced previous best threshold in a linear progression of frequencies, with a recovery of at least 5 dB after the notch (Figure 1 ). The 15-dB criterion was used because a 10-dB change in threshold is considered to be clinically significant, and we allowed for a 5-dB test-retest variability (OsiehLah & Yeo, 2010; Wilson, 2011). A 15-dB criterion was also proposed by Flamme et al (2014) to avoid false positive identification of notches.
The normal or no-notch participants (NN) were defined as having no threshold below 15 dB HL nor a 15 dB drop at 8000 Hz from a previous best threshold. Those subjects showing a notch in one ear were classified as unilateral notch (UN), and those showing a notch in both ears were classified as bilateral notch (BN). The BN category served as the case group for determining a potential genetic association, and each subject in this group was matched by gender with a NN and UN subject from the same university, and if possible, by playing the same or similar instrument. A potential second phenotypic configuration was identified as a 15 + dB drop in auditory sensitivity in the high frequencies (4000-8000 Hz) and not showing a notched configuration.
Survey
The survey included demographic data, personal and family medical history, prescription and over-the-counter medication use, and music, noise, and chemical exposure throughout life (Supplementary material available online athttp://informahealthcare.com/doi/abs/10.3109/14992027.2015.1030512). Music exposure questions asked about current, as well as high school, middle school and elementary school exposures. Participants were asked about exposure to cell phones, personal listening devices, firearms, hunting, loud vehicles, clubs/rallies/races, and power tools. Chemical exposure questions inquired about exposure to spray adhesives, house paints, fingernail polish/remover, carpet laying, furniture refinishing, silk screening/printing, permanent markers, auto refinishing, aerosol paints, tub/tile cleaners, pesticides/fungicides/herbicides, and smoking. The analyses are restricted to music and noise exposure questions.
Genotyping
Buccal cell samples (Isohelix: Boca Raton, USA) were collected in duplicate at the time of audiometric testing and refrigerated prior to DNA extraction (Qiagen BioRobot). Genomic DNA was extracted from the de-identified buccal samples in the Molecular/ Cellular Biology Core Laboratory at UNCG and outsourced for initial SNP genotyping and validation (GeneSeek; Lincoln, USA) on the Sequenom MassARRAY iPLEX platform. As a screen of the candidate variants, all of the study cases and controls (N = 252) were genotyped for 266 single nucleotide polymorphisms (SNPs) from 59 candidate genes. Candidate genes were selected if they had variants previously associated with NIHL or deafness, or if they are expressed in the inner ear (Supplementary Table 1 available online at http://informahealthcare.com/doi/abs/10.3109/14992027.2015.1030512). SNPs within each of these candidate genes were selected if: (1) they had been implicated in earlier published NIHL studies, (2) they were directly implicated as causal for other health conditions, (3) they had been shown to affect expression of the candidate gene, or (4) they affected the amino acid sequence of the gene's protein product (i.e. nonsynonymous SNPs) and occurred at a population frequency between ∼0.5% and 20%. This range was selected because SNPs occurring at a lower frequency would not be detected in a sufficient number of participants to allow for meaningful analysis, and those occurring at a higher frequency were likely to be incompletely penetrant, that is, a relatively low proportion of SNP carriers would exhibit the bilateral notched phenotype that affects 10-15% of the population.
SNPs that were most highly associated were also verified for the case-control subjects using Applied Biosystems' customized TaqMan probes run on an AB 7500 real-time thermocycler utilizing the manufacturer's protocols and software. In order to test the possibility of a haplotype association with the 4000-6000 Hz notch, a follow-up round of SNP testing was performed which tested tagging SNPs that were obtained from a NIH database (http://snpinfo.niehs.nih.gov/snpinfo/snptag.htm). Subsequently, all participants (beyond the case-controls) were genotyped for SNPs showing a possible association with bilateral notching.
Statistical analysis
The allele and genotype frequencies of candidate SNPs were analysed in the case group and the two control groups. Frequencies for the bilateral group were compared to those of the nonbilateral (unilateral and no-notch groups combined) group and the no-notch group alone by first forming 2 × 2 tables of the case-control group by allele, and then computing odds ratios. Pvalues were calculated to assess evidence of association between allele frequency and group. We note that a conservative Bonferroni correction for 205 SNPs would require a p-value of 0.00024 or less to declare an association statistically significant at the overall 5% level. The data were analysed using the STAT and GENETICS products of SAS Version 9.3. Relevant SNPs were also subjected to haplotype analysis and tested to determine whether the genotypes within the case-control population were consistent with Hardy-Weinberg equilibrium (HWE). SNP genotypes that did not fit a HWE model were not analysed further. In summary, from the initial list of 266 SNPs, 205 were validated by GeneSeek and by testing for Hardy-Weinberg equilibrium. Of the 205, 99 SNP variants were found in the case-control population and analysed for a possible association with bilateral notches.
Adjusted odds ratios were also calculated using logistic regression models to account for other possible risk factors, including gender, smoking status, and instrument and ensemble exposure levels. Instrument and ensemble intensity was ranked on a 1-10 scale, with 10 being very high exposure (trombone, concert band) and 1 being very low exposure (classical guitar, classical guitar ensemble). The scale was based upon exposure measurements made using doseBadge noise dosimeters (Cirrus Research) in practice rooms and ensembles during day-long data collection.
Exposure level to noise other than music (gunfire, hunting, power tools, loud vehicles, loud recreation venues, loud music venues) was also considered and used to compute adjusted odds ratios for comparing case and control groups. For these analyses, 0-1 types of exposure outside music studies was considered 'low exposure,' exposure to 2-4 types was considered 'medium exposure' and 5-6 types of exposure was considered as 'high exposure.'
Results
Overall results
A total of 640 college-age music majors were tested for hearing acuity. Among the entire study population, 54.9% showed no notching (NN), 30.3% showed unilateral notching (UN), and 14.8% showed bilateral notching (BN). Four participants were excluded because their thresholds indicated a hearing loss that was not a 4000-6000 Hz notch. These included participants with the following audiometric results: one unilateral flat loss with thresholds between 55-65 dB HL, one steeply sloping loss above 2000 Hz to a profound loss at 4000-8000 Hz, one asymmetric loss that was steeply sloping to profound levels above 2000 Hz in the right ear and dropping somewhat steeply to moderate levels in the left, and one asymmetric loss with a 6000 Hz notch in both ears but a mild-to-moderate loss from 1000-4000 Hz. Mean threshold data showing the phenotype are seen in Figure 1 . Overall, surveys were completed by 481 individuals, 66 of whom did not complete the hearing examination and buccal sample. Of the 640 total participants with hearing tests and buccal samples, 108 did not complete the survey. The case control sample (N = 252, 84 BN cases and 168 controls) was comprised of 116 females and 136 males self-identified as more than 50% European extraction (Tang et al, 2005) , with a mean age for all participants of 20.23 years. Surveys were completed by 223 of the 252 case-control participants (90%).
Phenotype-genotype associations
In the initial analysis of BN vs. No-BN groups, a variant in the estrogen-related receptor beta (ESRRβ), rs61742642 (C→T), which changes an evolutionarily conserved proline residue in the ligand-binding portion of this nuclear receptor to a serine (P386S), was the one most strongly associated with BN. As seen in Table 1 , of the 84 BN subjects in the case-control study, 20 (23.8%) carried the CT heterozygous genotype of rs61742642 compared to 16 (9.5%) of the combined UN and NN controls (OR = 2.7, CI: 1.36-5.37; p = 0.0061). Other SNPs lying in the transcribed region near rs61742642 were tested in the case-control groups to see if other ESRRβ variants contributed to the occurrence or severity of notches (see Supplementary Table  2available 
Other audiometric profiles
We also examined the inclusion of individuals with 4000-Hz notches on the case-control group. Two individuals had a bilateral 4000 Hz notch, and 14 bilaterally notched participants had a 4000 Hz notch in one ear and a 6000 Hz notch in the other ear. Odds ratios for BN among all SNP associations were calculated for a smaller case-control set (N = 52 per group) exhibiting 6000-Hz notches only. In this case, the odds ratio was similar to that of the previous phenotype definition for BN vs. non-bilateral (OR = 2.62, p = 0.005). Previous data collected from this population have suggested that the 4000 Hz notch is associated with exposure to other noise, such as the use of power tools, which has a center frequency that is lower than that of music (Phillips et al, 2010) . These results support the suggestion that the frequency of the notch is dependent on the central frequency of the noise but involves the same underlying genetic susceptibility to notches in the 4000-6000 Hz range.
Another hearing loss configuration identified was a high frequency drop in sensitivity of at least 15 dB and minimally a 15 dB HL threshold that included 8000 Hz. There were 14 bilaterally affected participants showing this high-frequency loss, who were matched with unilaterally affected or unaffected individuals. Mean thresholds for these participants are shown in Figure 2 . There was no evidence that rs61742642 CT genotype was associated with these high frequency drops, although the 8000 Hz case sample was too small to draw any conclusions about possible genotypic associations.
Other variables
Gender, smoking status, instrument intensity, ensemble intensity, and the number of different types of exposure were investigated for possible association with BN, but tests for association of these factors with BN did not reveal any statistical associations. Further, adjusted odds ratios for comparing the bilateral group to the non-bilateral group for different genotypes of ESRRβ were computed using logistic regression, and were essentially identical to the unadjusted odds ratio reported earlier. We also examined several possible sources and characteristics of outside noise exposure from our survey results. We found no compelling evidence that these exposure variables affected the frequency of BN. As with the previous factors, adjusted odds ratios for comparing the bilateral group to the non-bilateral group for different levels of the ESRRβ genotype did not differ substantially from the unadjusted odds ratio. Additionally, there is no evidence that the use of hearing protection, or the reported frequency and duration of exposures affected the rate of notching or were associated with differences in hearing between genetically predisposed and other participants. This may be the consequence of limitations in survey selfreporting, and/or the relatively low power of analysing a small population.
Discussion
The findings demonstrate that a 4000-6000 Hz notched audiogram can be found in some relatively young musicians who do not report unusual exposures. The presence of audiometric bilateral notches in these subjects was found in over twice as many subjects who carried a specific SNP (rs61742642) in a gene expressed in the inner ear that is required for normal hearing (ESRRβ), but the association was not significant after applying a Bonferroni correction for the 266 SNPs that were initially screened. Nevertheless, the findings indicate that the bilateral notch is a feasible test phenotype for larger scale gene association studies in the future because the magnitude of the observed odds ratio compared with the magnitude in typical studies of disease associations (> 2) was high, and a larger study is likely to yield a statistically significant association. Also, the frequency of CT carriers in the population exceeds 10% (NCBI), pointing to the potential clinical importance of a phenotype-genotype association.
Comparisons with previous studies
Although few earlier reports include proportions of unilateral and bilateral notches, overall proportions of no notch, unilateral, and bilateral notches in this study resemble those reported by Wilson (2011) for veterans. Therefore, the consistency of bilateral notch frequency in the very large veteran population and the young adult musicians seen here further suggests the feasibility of examining this possible phenotype in a larger study. The measured bilateral notch frequency follows and builds upon those previously reported earlier for student musicians (Phillips et al, 2010) . As before, bilateral notches affect a relatively small proportion of young musicians, and while a possible association with rs61742642 must be tested further to reach a more conclusive outcome, the frequency of the rs61742642 genotype was about the same in both unilaterally notched and no-notch subjects. In other words, there is no evidence that unilateral notching is phenotypic as it was associated with any genotype in this study. Familial mutations of ESRRβ cause deafness (Collin et al, 2008; Broskova et al, 2012 ). More generally, there is evidence that SNP variants of other genes associated with profound hearing loss also impose vulnerability for late onset and environmentally-induced loss. SlwinskaKowalska et al (2008) found an association between a polymorphism in the cadherin-related 23 gene (CDH23) and NIHL, and other mutations in CDH23 have been associated with the DFNB12 form of deafness. Pawelczyk et al (2009) reported an association of a polymorphism (rs3751385) in GBJ2 with NIHL which could not be replicated in a second population, whereas numerous other mutations in GJB2 have been associated with DFNB1 deafness.
Physiology of the notch phenotype
The potential association found for the nonsynonymous SNP rs61742642 suggests that this variant is responsible for changes in protein structure that directly underlie the vulnerability to cochlear damage caused by acoustic overload. We postulate that for susceptible individuals, damage from exposure occurs at lower intensity levels or at a shorter duration of exposure than for non-susceptible individuals. Based on the specificity of the BN phenotype to the 4000-6000 Hz frequency range, the current results further suggest that the mechanistic processing of sounds in this frequency range is not equivalent to the processing found in the flanking frequency ranges. Therefore, it follows that a given genetic variant may not have the same impact on hearing acuity across the frequency range. In fact, a preliminary case-control analysis of subjects in this study who showed UN and BN at 8000 Hz (but no notches) provided no evidence that the SNPs described here involve a vulnerability to high-frequency hearing loss.
The audiometric assessment was done at one time point and thus it is unclear whether these bilateral notches are temporary or permanent and whether the associations we observed would be different for temporary or permanent notches. Nordmann et al (2000) reported that the structural changes found in temporary threshold shifts in animals were different than those found with permanent threshold shifts. In a recent investigation, Bhatt et al (2013) reported that carriers of the ESRRβ CT allele demonstrated greater temporary threshold shift post-narrow-band noise exposure than carriers of the CC allele. Repeated testing of participants may determine reversibility (i.e. TTS) vs. non-reversibility (i.e. PTS).
Genetic associations with strictly defined phenotypes are valuable for determining the mechanisms underlying the associated disorder. In this case, the potential associations are found within genes whose proteins are involved in redox homeostasis (ESRRβ). ESRRβ is expressed in the spiral ganglion, the supporting cells of the outer and inner hair cells, Reissner's membrane and in the stria vascularis and spiral ligament of the cochlea (Collin et al, 2008) . ESRRβ is a nuclear receptor that is responsible for regulating the transcription of other genes. Unlike other nuclear receptors such as the estrogen receptor and vitamin D receptor, no activating ligand has been associated with ESRRβ, though its function is necessary for normal cochlear development and the proper expression of ion channel proteins (Chen & Nathan, 2007) .
Limitations
As with any pilot study, there are limitations to these findings. The first is that the small sample size did not produce statistically significant findings after applying a Bonferroni correction, precluding conclusions regarding associations, especially for rarer SNPs. Secondly, participants in this study may not be representative of this age group in general. This possibility, without replication in a separate population, limits the generalizability of the results from the current study.
Another possible limitation is the strictness of the notch phenotype. As a check on our results, we re-examined our case-controls using a more strict 10 dB return of sensitivity at 8000 Hz. This reduced the number of participants with bilateral notches to 63, and the proportion of those carrying the CT variant of rs61742642 remained at 23.8%. In the revised case-control groups, the odds ratio continued to be ≥ 2
Future directions
In addition to replication with a larger sample, repeat hearing tests of participants as part of a longitudinal study are necessary to determine whether the relatively high frequency of BN seen in some participants is the result of a vulnerability to temporary threshold shifts or represents a permanent shift. Obtaining sound exposure measurements on all participants would allow for the examination of equivalent exposure and susceptibility to notches. If these associations are replicable, further exploration of the mechanisms involved in ESRRβ can be accomplished using cell lines of the stria vascularis or mouse studies.
Conclusions
We have tested the efficacy of using a strictly defined BN phenotype to examine genetic susceptibility to bilateral 4000-6000 Hz notches in a group of participants who are young, in relatively good health, with good hearing acuity and significant but not extreme exposure to sound. Cases with BN were more likely to carry the rs61742642 SNP T-allele in ESRRβ than controls. Among those who carried the 4000-6000 Hz notch phenotype bilaterally, 31% carried one or more of the associated minor alleles. This is occurring at a young age which precedes the age at which the maximal incidence of NIHL is seen in the population. Our conclusion is that some of these young participants may be vulnerable to 4000-6000 Hz notches, despite the available evidence from this and other studies that their exposures do not vary substantially from those who do not experience notching, and do not have as high an exposure as participants in previous industrial population studies. The strict BN phenotype used in this study is shown to be an efficient and productive methodology for finding genetic associations.
